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Atmospheric fine particulate matter (PM2.5) is critical to climate, air quality, and human 
health. Acid-driven multiphase chemistry of isoprene-derived epoxydiols (IEPOX) substantially 
contributes to secondary organic aerosol (SOA) formation. However, atmospheric chemical sinks 
of freshly-generated IEPOX-derived SOA remain unclear, and thus, are not considered in 
atmospheric chemistry models. We systematically examined the role of heterogeneous oxidation 
of authentic IEPOX-derived SOA particles by gas-phase hydroxyl radical (OH) as one potential 
atmospheric sink. Chemical changes in smog chamber-generated IEPOX-derived SOA were 
assessed after 1 and 4 hours of gas-phase OH exposure by collection on Teflon filters and using 
hydrophilic interaction liquid chromatography interfaced to electrospray ionization high-
resolution quadrupole time-of-flight mass spectrometry (HILIC/ESI-HR-QTOFMS). Tentative 
structures and formation mechanisms are proposed here for previously measured ambient PM2.5 
constituents with uncertain chemical sources; specifically, they form from oxidative aging of the 
most abundant, freshly-generated IEPOX-derived SOA constituents, including 2-methyltetrols, 2-
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CHAPTER 1: INTRODUCTION 
Secondary organic aerosol (SOA) derived from the atmospheric oxidation of volatile 
organic compounds (VOCs) is estimated to comprise 70-90% of the organic mass fraction of 
ambient fine particulate matter with aerodynamic diameters ≤ 2.5 µm (PM2.5).1 Isoprene has the 
highest emission flux of any non-methane VOC,2 making it a likely significant SOA precursor for 
a large fraction of atmospheric PM2.5 mass.3-6 Under low-nitric oxide (NO) conditions, isoprene-
derived SOA primarily forms through the acid-catalyzed multiphase (reactive uptake) chemistry 
of isoprene epoxydiols (IEPOX),7-10 which are the most abundant second-generation gas-phase 
oxidation products from isoprene under these conditions.8,11 Reactive uptake kinetics of IEPOX 
depends strongly on aerosol acidity,10,12-14 liquid water content,12,15 morphology,12,14,16 and 
inorganic sulfate (Sulfinorg) concentration.16 Recently, Riva et al.16 demonstrated that at high 
IEPOX/Sulfinorg ratios the acid-catalyzed reactive uptake of IEPOX to Sulfinorg aerosol particles 
converts up to 90% of particulate Sulfinorg to organosulfates (OSs), which alters the aerosol 
physiochemical properties (viscosity, volatility, phase state, morphology, and acidity) of Sulfinorg 
aerosol.17 Field studies have found that ~75% or more of fine particulate OSs may be derived from 
isoprene,18 where the most abundant atmospheric OSs are the 2-methyltetrol sulfate diastereomers 
(2-MTSs), which are known to be derived from reactive uptake of IEPOX. Reactive uptake of 
IEPOX to acidic Sulfinorg aerosol particles efficiently produces SOA through low-volatility OS 
formation;16,17.19-21 the addition of functional groups such as OH and OSO3H lowers the volatility 
of parent VOCs by orders of magnitude.22-24 
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 As a result of their low volatility, OSs, such as 2-MTSs, are thought to have long 
atmospheric lifetimes,25,26 substantially contributing to PM2.5 mass in the lower and upper 
troposphere as well as likely playing a role in cloud formation.27 2-MTSs have been measured to 
contribute up to 13% of the total organic carbon in PM2.5 collected from ground sites in downtown 
Atlanta, GA,28 and up to 10% of OA mass at sites in Look Rock, TN26 and Manaus, Brazil,29 
making 2-MTSs among the single most abundant compounds detected in PM2.5 collected from 
isoprene-rich regions. Notably, 2-MTSs and other isoprene-derived OSs have also been measured 
in free (upper) tropospheric submicron particles,25,30,31 cloud water samples32,33 and certain 
precipitation types such as hailstones and rain.34 Although IEPOX-derived OSs, including 2-
MTSs, have been measured in various atmospheric media, it remains unclear whether these 
compounds have atmospheric chemical sinks such as heterogeneous oxidation of aerosols by 
hydroxyl radical (OH) or by cloud water oxidation chemistry. Because a large fraction of PM2.5 
may be derived from the acid-catalyzed multiphase chemistry of IEPOX, particular chemical sinks, 
especially heterogeneous OH oxidation of existing PM2.5 containing IEPOX-derived SOA, are of 
great interest to investigate in order to determine the atmospheric lifetime of these aerosol 
constituents. Not all atmospheric models include IEPOX-derived SOA formation and its resultant 
OSs; those that do assume IEPOX-derived SOA and its OSs remain unreactive toward 
heterogeneous oxidation by gas-phase OH.35,36 
Although investigation is still in its infancy, the health effects of isoprene-derived SOA 
may be worth considering in air pollution mitigation strategies, but more work is needed.37 Prior 
work has shown that isoprene-derived SOA alters expression of genes that regulate antioxidant 
defenses in human lung cell models, suggesting that isoprene-derived SOA leads to an increase in 
cellular oxidant burden.37 Isoprene-derived SOA, including freshly-generated IEPOX-derived 
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SOA, has been shown to cause similar (in some cases greater) oxidative stress compared to fresh 
and aged diesel-derived PM.38 Furthermore, average carbon oxidation state (OSC) has been shown 
to correlate with higher reactive oxygen and nitrogen species (ROS/RNS) responses, which are 
measures of cellular inflammation.39 Notably, work by Rattanavaraha et al.40 demonstrated that 
oxidative aging with gas-phase OH enhanced the oxidative potential of freshly-generated diesel-
derived PM. Since most prior studies have examined the chemical composition and toxicological 
properties of freshly-generated IEPOX-derived SOA,10,15,41 it is warranted to investigate how the 
chemical composition of IEPOX-derived SOA particles changes with exposure to OH. The key 
question is whether IEPOX-derived SOA particles heterogeneously aged by OH have higher 
average OSC values due to the presence of more functionalized SOA constituents, and thus, 
potentially contribute to adverse health effects associated with PM2.5 exposures in isoprene-rich 
regions. Further research in this area is needed, especially in first examining the chemical changes 
of particles due to oxidative aging. 
Many studies have investigated the oxidation of isoprene, IEPOX, and other intermediates 
leading to SOA, during both laboratory studies11,22,42-47 and field studies.18,48-52 However, most 
have been confined to proposing empirical formulas for some of the many oxidation products due 
to the lack of authentic standards and/or tandem mass spectrometry data.22,46,47 Currently, IEPOX-
derived compounds appear to account for a large portion of isoprene SOA in ambient aerosol;5,53 
however, many isoprene-related OSs and organic acids lack known mechanisms of formation, 
preventing their inclusion in atmospheric chemistry models. Additionally, many IEPOX SOA 
experiments have been conducted in the dark without the presence of OH,10,12-16,54 a key 
atmospheric oxidant during the daytime, particularly for SOA formation.55-57 Only three studies 
have conducted significant work on heterogeneous OH oxidation of IEPOX-derived SOA, 
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including one using ambient PM2.5 containing IEPOX-derived SOA collected during a field 
study,58 one using aerosol containing authentic 3-methyltetrol sulfate, which is a minor IEPOX-
derived OS product, during a controlled laboratory study,46 and one using aerosol containing 
authentic 2-MTSs during a controlled laboratory study.59 All three studies were conducted in an 
oxidation flow reactor with a residence time under five minutes and with elevated OH levels (i.e., 
~1011-13 molecules cm-3), orders of magnitude more than is common in the atmosphere (i.e., ~106 
molecules cm-3).60 These studies did not aim to chemically characterize new SOA constituents at 
the molecular level that would result from heterogeneous OH oxidation of the full IEPOX-derived 
SOA mixture; however, our recent heterogeneous OH oxidation study with authentic 2-MTS 
aerosols demonstrated that multifunctional OSs could be produced at atmospherically-relevant 
time scales of oxidation (~16 days, assuming an average daytime OH concentration of 1.5 x 106 
molecules cm-3),59 and that these newly identified heterogeneous oxidation-derived OS products 
have been previously measured in ground level and free tropospheric PM2.5, as well as in cloud 
water and hailstones.29-34,59   
IEPOX reactive uptake results in phase separation or salting-out of organics, such as the 2-
MTSs and related OSs as well as the 2-methyltetrols (2-MTs), forming a viscous organic shell 
around an aqueous inorganic core.16,17,61-66 This impedes further uptake of IEPOX into the aerosol 
phase due to lack of mobility within the particle.14 This means that IEPOX-derived OSs (and 
possibly 2-MTs) become sequestered on the outside of a particle, increasing the probability of 
exposure to gas-phase oxidants like OH. Thus, after a period of reactive uptake, particles should 
begin to undergo heterogeneous OH oxidation if these surface-bound SOA constituents are 
sufficiently reactive with OH. The role of heterogeneous OH oxidation of full IEPOX-derived 
SOA mixture and its related OSs remains uncertain, especially at longer reaction time scales 
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(hours) and at lower OH concentrations than past studies have considered. 
This study systematically examined the heterogeneous OH oxidation of freshly-generated 
IEPOX-derived SOA in a smog chamber at atmospherically-relevant time scales and OH 
concentrations with the aim of proposing structures and reaction pathways for the most abundant 
IEPOX-derived SOA constituents present in atmospheric aerosol. Heterogeneous OH oxidation 
of IEPOX-derived SOA particles is examined through systematic smog chamber studies conducted 
in the dark and in the presence of OH at ~50% relative humidity (RH). Non-targeted chemical 
analyses of fresh versus heterogeneously OH-aged IEPOX-derived SOA are conducted using 
hydrophilic interaction liquid chromatography interfaced with electrospray ionization coupled 
with high-resolution quadrupole time-of-flight mass spectrometry (HILIC/ESI-HR-QTOFMS). 
HILIC is an alternative and complementary method to reverse-phase liquid chromatography 
(RPLC). HILIC elution order is similar to normal phase LC, but better separation of highly polar 
compounds is achieved by column packing designed to be coated by a layer of water.28 Cui et al.29 
showed that HILIC is more suited than RPLC for highly oxidized and OS-containing isoprene-
derived SOA constituents by achieving separation. Heterogeneously OH-aged IEPOX-derived 
SOA particles generated during chamber experiments are compared with archived PM2.5 samples 
collected from the Southeastern U.S., the Amazon rainforest, and Galápagos Islands in order to 







CHAPTER 2: EXPERIMENTAL METHODS 
Chamber Experiments. Experiments were conducted in a 10-m3 indoor smog chamber 
facility located at the University of North Carolina at Chapel Hill (UNC). Prior to the start of each 
experiment the smog chamber was flushed with zero air for ~12 h so that the background aerosol 
volume concentration was <0.1 µm3 cm-3, as measured by a scanning electrical mobility 
spectrometer (SEMS) consisting of a differential mobility analyzer (DMA, BMI Inc., model 2002) 
coupled to a mixing condensation particle counter (MCPC, BMI Inc., model 1710). Background 
ozone (O3) concentrations were <5 ppb before the start of each experiment. O3 was monitored 
every 10 s by an O3 analyzer (2B Technologies, model 202). The chamber was humidified to 45-
53% RH at 21.5±0.5°C prior to experiments. RH and temperature inside the chamber were 
measured by a dewpoint meter (Omega Engineering Inc.) recording every 5 s. All experiments 
summarized in Table 1 were conducted in the absence of UV light sources, and background visible 
light was minimized. 
Heterogeneous OH oxidation of IEPOX-derived SOA began with the atomization of 90 ± 
10 µm3 cm-3 ammonium bisulfate (NH4HSO4) seed aerosols using a custom-built atomizer with 
aqueous solution of 0.06 M NH4HSO4 (solution pH=1.7 as measured by a pH probe, Atlas 
Scientific) which was allowed to become well-mixed in the chamber for 30 min after injection. 15 
mg of authentic trans-β-IEPOX, which is the predominant IEPOX isomer in the atmosphere,4,67 
was dissolved in ethyl acetate and injected into the chamber by flowing heated nitrogen (67 °C) at 
5 L min-1 through a glass manifold until aerosol volume growth due to freshly-generated IEPOX-
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derived SOA formation ceased, typically after ~1 h of gas-phase IEPOX injection. Trans-β-IEPOX 
was synthesized in-house following published procedures.68 IEPOX injection efficiencies ranged 
between 0.5 and 0.9 (see Table 1), as determined by weighing the glass manifold before and after 
IEPOX injection using an analytical balance (Mettler Toledo Model MS205DU). OH was created 
by the reaction of 2 ppm O3 (injected for ~ 45 s and stopped) with tetramethylethylene (TME, at 
280 mL min-1 with 5 L min-1 sheath flow),69 where TME was continuously injected for either 1 or 
4 h to sustain oxidative aging of freshly-generated IEPOX-derived SOA particles. Immediately 
before and after the 1- or 4-h oxidative aging by OH, SOA particles were collected on Teflon 
filters (0.2-μm pore size, PALL Corp.) for one hour at ~12 L min-1. Some OH may have been 
collected with the post-oxidation filter, meaning that potentially SOA could continue to react after 
collection. However, control experiments using a carbon denuder did not yield significantly 
different results. 
In select experiments (experiments #9 and 10, Table 1), authentic 2-MTS aerosol particles 
were heterogeneously oxidized by OH in the dark. 2-MTSs were synthesized in-house as 2-MTS 
ammonium salts following published procedures.29 Purity was determined to be ~86% (major 
impurities identified by HILIC/ESI-HR-QTOFMS analysis were C3H6O5S, C4H8O6S, and 
CH4O4S). 100 ± 10 µm3 cm-3 of 2-MTS seed aerosols was injected into the chamber using a 
custom-built atomizer with an aqueous solution of 4.6 mM 2-MTSs and allowed to mix for 30 
min. Filter collection and OH generation procedures were exactly the same as described above 
for IEPOX-derived SOA. 
Control experiments were conducted with no TME injected, and the IEPOX-derived SOA 
aged for 4 h with only O3, with which it was not anticipated to react. Recent work from our lab 
demonstrated that 2-MTS aerosols did not chemically change upon UV-only or O3-only 
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exposures.59 O3 concentration was directly measured by an O3 monitor, and average OH 
concentration was estimated using a model based on the work of Lambe et al.69 Because the model 
does not consider all sinks for OH, this represents an upper bound estimate.  
Table 1. Experimental conditions for the heterogeneous OH oxidation of freshly-generated 

















































































46 4 132 
9 2-MTS - 115 OH 2.6 x108 45 4 1274 
10 2-MTS - 105 OH 5.3 x108 51 4 1858 
 
 Ambient PM2.5 Collection. To confirm that potential new SOA tracers identified during 
smog chamber studies described above are atmospherically relevant, the experimental data were 
directly compared with field data collected during the 2013 Southern Oxidant and Aerosol Study 
(SOAS) at Look Rock, TN26, during summer 2016 in downtown Manaus, Brazil, as part of the 
Green Ocean Amazon field campaign,29 and during summer 2018 in the Galápagos Islands.59 All 
three sites are in isoprene-rich regions and are typically under low-NO conditions. Further 
information about the collection and extraction of quartz filters can be found elsewhere.16 Briefly, 
a 23-h aerosol sample (8 am 17 June–7 am 18 June, local time) collected from Look Rock, TN, 
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was selected for reanalysis by the HILIC/ESI-HR-QTOFMS method used in the present study, 
because it corresponds to the highest IEPOX-derived SOA mass measured by the Aerosol 
Chemical Speciation Monitor (ACSM, Aerodyne, Inc.). IEPOX-derived SOA as measured by the 
ACSM was resolved by positive matrix factorization (PMF) analysis.26 A 24-h sample selected for 
reanalysis from Manaus, Brazil, was collected on 24 September 2016. This quartz filter sample 
was selected because it was minimally influenced by biomass burning as determined based on the 
lowest and highest measured concentrations of levoglucosan70 and 2-MTSs,29 respectively. 
Aerosol Chemical Characterization. Both experimental and field filter samples 
(including field blanks and chamber blanks) were extracted in 20 mL of methanol (Optima LC/MS 
Grade, Fisher Scientific) by 45-min sonication. The methanol was dried under high-purity nitrogen 
(Airgas) and the extract reconstituted in 200 µL of 95:5 (v/v) solvent mixture of acetonitrile (ACN, 
HPLC grade, Fisher Scientific) and Milli-Q water. Filter extracts were chemically analyzed at the 
molecular level using HILIC/ESI-HR-QTOFMS operated in the negative ion mode (–), as recently 
described in detail by Cui et al.29. HILIC/(–)ESI-HR-QTOFMS data were analyzed by Agilent 







CHAPTER 3: RESULTS AND DISCUSSION 
Time Series of Experiments.  As shown in Figures 1a and 1b, the time series of 
representative 1- and 4-h heterogeneous OH oxidation experiments of freshly-generated IEPOX-
derived SOA (experiments 1 and 4, respectively, Table 1), the acidic Sulfinorg seed aerosol initially 
stabilized after 10 min of injection through atomization. At 120 and 90 min in Figures 1a and 1b, 
respectively, gas-phase IEPOX was injected into the chamber and upon becoming well-mixed, the 
SEMS volume concentration increased due to acid-catalyzed multiphase conversion of IEPOX 
into SOA constituents (as shown in Scheme 1). After 60 min of IEPOX injection, a filter was 
collected for 1 h, and then gas-phase OH was introduced. During either 1- or 4-h of oxidative 
aging of freshly-generated IEPOX-derived SOA particles with OH, the SEMS aerosol size 
distribution data indicated that the particles grew in size and decreased in concentration, consistent 
with expected coagulation and wall loss, respectively. If particles were shrinking due to offgassing 
of smaller volatile products produced the from fragmentation of the C5-isoprene skeleton, this 
effect is negligible compared to coagulation. As a result, most of the SOA constituents formed 
during heterogeneous OH oxidation of freshly-generated IEPOX-derived SOA appear to remain 
within the particle for the length of the experiments. Similarly, we can largely rule out gas-phase 
reaction of IEPOX with OH as a contributor to the particle volume (or mass), as particle growth 
is not noticeably faster than it would be due to coagulation. The 2-MTS OH oxidation experiments 




Figure 1. Time series of aerosol volume concentrations for 1-h (experiment 1, Table 1) (a) and   
4-h (experiment 4, Table 1) (b) heterogeneous OH oxidation experiments of freshly-generated 
IEPOX-derived SOA. Blue regions mark seed injection; purple regions mark IEPOX injection; red 
regions mark filter collections; green regions are during heterogeneous OH oxidation. 
 
Proposed Reaction Schemes. Scheme 1 shows proposed reaction mechanisms leading to 
the formation of freshly-generated IEPOX-derived SOA constituents (2-MTs, 2-MTSs, and the      
2-MTS dimers with the corresponding [M–H]– ion at m/z 333 (C10H21O10S-)). Schemes 2, 3, and 4 
show proposed heterogeneous OH oxidation mechanisms for 2-MTSs, 2-MTs, and the 2-MTS 
dimers, respectively. IEPOX predominantly transforms into 2-MTs and 2-MTSs through its acid-
driven multiphase chemistry within the aqueous Sulfinorg phase;9,10,16,29 however, these studies have 






Scheme 1. OH -initiated oxidation of isoprene to IEPOX, followed by acid-driven reactive uptake 
of IEPOX into the aqueous Sulfinorg particle phase yielding freshly-generated SOA tracers detected 
by HILIC/(–)ESI-HR-QTOFMS, including 2-MTs and 2-MTSs as well as the 2-MTS dimers 
measured as the [M–H]– ion at m/z 333 (C10H21O10S-). 
 
Particulate 2-MTSs and 2-MTs may both be oxidized by OH at one of four sites by 
hydrogen abstraction, labelled 1-4 in Schemes 2 and 3, respectively. Although we did not directly 
determine the heterogeneous OH oxidation rate constants in the present study, we recently 
obtained the effective second-order heterogeneous OH oxidation rate constant for 2-MTS aerosols 
as 4.9±0.6x10-13 cm3 molecule-1 s-1 by using an oxidation flow reactor (OFR).59 By assuming an 
average ambient OH concentration of 1.5x106 molecules cm-3, we estimated from this recent study 
that the atmospheric lifetime (τ) of particulate 2-MTSs against OH oxidative aging was ~16±2 
days, which was comparable to 16±3 days and 19±9 days determined for particulate 3-MTSs,46 
the minor MTS isomers, and IEPOX-derived SOA,58 respectively. Since accumulation mode 
sulfate aerosols typically have atmospheric lifetimes of 2 weeks,71 the heterogeneous OH 
oxidation of IEPOX-derived SOA could be an important chemical sink that may need to be 
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considered in atmospheric chemistry models, especially when OH levels are enhanced in urban 
areas.72 Our results presented here are focused on chemically characterizing products in Schemes 
2, 3, and 4 from the heterogeneous OH oxidation of 2-MTSs, 2-MTs, and the 2-MTS dimers, 
respectively, by using HILIC/(–)ESI-HR-QTOFMS. Although heterogeneous OH oxidation 
mechanisms were recently proposed for particulate 2-MTSs,59 our present study aimed to examine 
this process with the entire IEPOX-SOA mixture and at longer reaction timescales and lower OH 
concentrations than used in prior studies. In addition, our combination of chamber-generated and 
ambient aerosol samples help to demonstrate feasibility of heterogeneous OH oxidation of 
IEPOX-derived SOA in the atmosphere, and thus, likely yield new SOA markers of atmospheric 
oxidative aging of IEPOX-derived SOA.  
Scheme 1 and Table 2 show that 2-MTSs are present in non-aged (freshly-generated) 
IEPOX-derived SOA.  Since 2-MTSs are known to be the most abundant IEPOX-derived SOA 
tracers and OSs measured in atmospheric aerosols7,9,10,29,53 and we measured these in our freshly-
generated IEPOX-derived SOA, we proposed that the heterogeneous OH -initiated oxidation of 
particulate 2-MTSs occurs during our 1- and 4-h oxidative aging experiments.  The proposed 
pathways shown in Scheme 2 are the same as those recently proposed by Chen et al.59 At longer 
reaction timescales and lower OH concentrations utilized in the present study compared to those 
of Chen et al.,59 we observe all the aged and multifunctionalized OSs previously reported.  Briefly, 
the regiochemistry of the RO2 intermediates dictates the structures of the OS products shown in 
Scheme 2 via Russell disproportionation,73 Bennett-Summers reaction,74 or β-scission.75,76 This is 





Scheme 2. Proposed heterogeneous OH oxidation of particulate 2-MTSs. Each pathway from one 
oxidation site at carbons labelled 1, 2, 3, or 4 is divided by a dotted line. Dotted boxes mark species 
that were not detected in the final (4-h) mixture but could be below HILIC/(–)ESI-HR-QTOFMS 




Scheme 3. Proposed heterogeneous OH oxidation of 2-MTs. Each pathway from one oxidation 
site at carbons labelled 1, 2, 3, or 4 is divided by a dotted line. Dotted boxes mark species that 
were not detected in the final (4-h) mixture but may be below HILIC/(–)ESI-HR-QTOFMS 
detection limits; solid boxes mark species detected in this study by HILIC/(–)ESI-HR-QTOFMS. 
 
The heterogeneous OH oxidation of 2-MTs is similar in many ways to the 2-MTSs: 
Russell disproportionation or hydroperoxy radical (HO2) elimination77,78 of C1- and C4-RO2 
intermediates shown in Scheme 3 leads to C5 γ-hydroxy aldehydes that cyclize to C5-hemiacetals 
detected at m/z 133 (C5H9O4-), while the Bennett-Summers reaction of the same RO2 intermediates 
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leads to lactones detected at m/z 131 (C5H7O4-) through dehydration of γ-hydroxy carboxylic acids 
(C5H10O5) via acid-catalyzed Fischer esterification.79-81 The precursor γ-hydroxy carbonyl 
compounds are not typically observed by mass spectral techniques.82 Ions at m/z 149 (C5H9O5-) 
could also form from the Bennett-Summers reaction of the C2-RO2 intermediate shown in Scheme 
3 that forms a C5 γ-hydroxy aldehyde, which then cyclizes to yield a C5-hemiacetal isomer detected 
at m/z 149 (C5H9O5-). The lactone at m/z 147 (C5H7O5-) forms in similar reactions that differ only 
by regiochemistry, and the pentol at m/z 151 (C5H11O5-) is a first-generation oxidation product 
from 2-MTs. These compounds—the ions at m/z 131(C5H7O4-), 133 (C5H9O4-), 147 (C5H7O5-), 
149 (C5H9O5-), and 151 (C5H11O5-) — are observable in both chamber-generated SOA and 
atmospheric SOA taken from the southeastern United States and Manaus, Brazil (Figure 2), and 
have not been extensively studied. As such, there are no previously published reaction pathways 
for these compounds. 
Figure 2 shows extracted ion chromatograms (EICs) for these five non-OS compounds in 
an SOA sample collected from a 4-h heterogeneous OH oxidation experiment of freshly-generated 
IEPOX-derived SOA (experiment 4) and from an atmospheric aerosol sample collected from the 
Galápagos Islands. The signal strengths for these compounds are low compared to the OSs, but 
RTs of chamber samples and ambient samples are consistent; for m/z 133 (C5H9O4-), RTs for 4 out 
of the 6 visible chromatographic peaks (isomers: RT 1.98, 2.17, 2.29, and 4.58 min) correspond 
exactly, and for other m/z values (or SOA constituents) some chromatographic peaks are shared 
between the chamber-generated and ambient SOA sample. This supports that the chamber-




Figure 2. EICs comparing chamber-generated IEPOX-derived SOA heterogeneously aged by OH 
for 4 h (left panels) to PM2.5 collected from Galápagos Islands, Ecuador (right panels), for [M–H]– 
ions detected at m/z 131 (C5H7O4-), 133 (C5H9O4-), 147 (C5H7O5-), 149 (C5H9O5-), and 151 
(C5H11O5-). Each EIC signal is normalized to the maximum peak height for each sample. 
 
Schemes 4a-c show possible reaction pathways for heterogeneous OH oxidation of one 
isomer for the dimers detected as [M–H]– ions at m/z 333 (C10H21O10S-) at four of the eight carbon 
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sites that have abstractable hydrogens. These pathways are proposed based on similarities to the 
structures of 2-MTs and 2-MTSs, and are supported by the detection of [M–H]– ions at m/z 243 
(C6H11O8S-), 273 (C7H13O9S-), 275 (C7H15O9S-), 285 (C8H13O9S-), 329 (C10H17O10S-), and 331 
(C10H19O10S-) in both chamber-generated and ambient SOA (Figures 3a-b). Previous studies32,83 
have found evidence in ambient SOA (or cloud water samples) for m/z 317 (C9H17O10S-), 331 
(C10H19O10S-), and 333 (C10H21O10S-) (included in Schemes 4 a-c), as well as m/z                                
279 (C10H15O7S-), 281 (C10H17O7S-), and 283 (C10H19O7S-), which may also be products of 
heterogeneous OH oxidation of m/z 333 based on their formulas. Due to their C6-C10 backbones, 
past studies may have misidentified these as monoterpene-derived OSs.83 Ions at m/z 303 
(C8H15O10S-), 317 (C9H17O10S-), and 319 (C9H19O10S-) were not detected in the 3 atmospheric 
PM2.5 samples analyzed in this study, although they were detected in chamber-generated SOA, 
indicating that perhaps ambient levels were below the limit of detection of HILIC/(–)ESI-HR-
QTOFMS. 
Figures 3a and 3b compare chamber-generated IEPOX-derived SOA to atmospheric PM2.5. 
Elution times between chamber and atmospheric samples differ by up to 0.5 min because they 
were analyzed on different days, but many of the ions under m/z 300 have a clear correspondence 
between chamber and atmospheric samples. However, atmospheric samples for m/z 299, 301, 329, 
and 331 are less clear, and it would be beneficial to analyze more concentrated atmospheric PM2.5 




Scheme 4a. Proposed reaction scheme for heterogeneous OH oxidation of the carbons labelled 1 
and 5 on one isomer of the dimer detected at m/z 333, divided by a dotted line. Dotted boxes mark 
species that were not detected in the final (4-h) mixture, but may be below HILIC/(–)ESI-HR-





Scheme 4b. Proposed reaction scheme for heterogeneous OH oxidation of the carbon labelled 6 
on one isomer of the dimer detected at m/z 333. Dotted boxes mark species that were not detected 
in the final (4-h) mixture, but may be below HILIC/(–)ESI-HR-QTOFMS detection limits; solid 





Scheme 4c. Proposed reaction scheme for heterogeneous OH oxidation of the carbon labelled 7 
on one isomer of the dimer detected at m/z 333. Dotted boxes mark species that were not detected 
in the final (4-h) mixture, but may be below HILIC/(–)ESI-HR-QTOFMS detection limits; solid 





Figure 3a. EICs comparing chamber-generated IEPOX-derived SOA heterogeneously aged by 
OH for 4 h (left panels) to PM2.5 collected from Galápagos Islands, Ecuador (right panels), for 
[M–H]– ions detected at m/z 243 (C6H11O8S-), 273 (C7H13O9S-), 275 (C7H15O9S-),                               
279 (C10H15O7S-), 281 (C10H17O7S-), and 283 (C10H19O7S-). Each EIC signal is normalized to the 





Figure 3b. EICs comparing chamber-generated IEPOX-derived SOA heterogeneously aged by 
OH for 4 h (left panels) to PM2.5 collected from Galápagos Islands, Ecuador (right panels), for   
[M–H]– ions detected at m/z 285 (C8H13O9S-), 299 (C10H19O8S-), 301 (C8H13O10S-),                                   
329 (C10H17O10S-), and 331 (C10H19O10S-). Each EIC signal is normalized to the maximum peak 




Production and Consumption of Tracers. Production and consumption of tracked SOA 
constituents are ranked by fold change rather than difference. Authentic standards are not available 
for most of these SOA constituents, meaning that the relative ionization efficiency is unknown and 
an equivalent difference in ion count for two compounds may indicate a drastically different 
amount of change in aerosol mass concentration. Fold change does have a disadvantage in that a 
compound that was not present above the limit of quantification for the mass spectrometer may 
appear to have a very large fold change for a small total amount of production. For this reason, a 
table noting ions with ‘significant presence’ (peak area > 100,000 ion counts) before aging is also 
included. ‘Significant fold change’ is defined as fold change >3. 
 Pre-Aging Samples. Table 2 shows SOA tracers significantly present in freshly-generated 
IEPOX-derived SOA before heterogeneous OH oxidation, but not present in the 2-MTSs standard 
(i.e., not a contaminant). In addition to their formation from IEPOX, 2-MTs may form from 
hydrolysis of 2-MTSs,84,85 and the reaction between 2-MTSs and IEPOX forms the dimer detected 
by HILIC/(–)ESI-HR-QTOFMS at m/z 333;83 m/z 197 (C5H9O6S-) is likely produced from the 
dehydration of 2-MTSs. 
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m/z 333; 5 
281.070 C10H17O7S- 2 0.7 ? 2.98 +0.1 m/z 333; ? 






m/z 333; 3,5 
317.055 C9H17O10S- 1 1.1 
 
4.77 +3.2 m/z 333; 3,4 






m/z 333; 3,4 
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a DBE = double bond/ring equivalent 
b Only one structural isomer each for ring and chain structures is shown 
c RT = retention time 




The SOA tracers produced significantly during IEPOX reactive uptake before aging were 
similar in identity to those in the 2-MTS seed aerosols. This stands in contrast to a recent oxidation 
flow reactor study done with 2-MTSs as a starting reactant,59 which found no additional 
compounds other than impurities in the standard. However, residence and filter collection times in 
the present study were much longer (~2.5 hours compared to ~0.5 hours), allowing slower 
reactions to take place. There may be alternate and much slower pathways that produce different 
isomers than heterogeneous OH oxidation, such as dark Fenton reactions.86 
IEPOX-SOA aging experiments with OH. Figure 4 compares geometric mean fold 
change for SOA constituents in the 1-h and 4-h heterogeneous OH oxidation experiments of 
freshly-generated IEPOX-derived SOA, corrected for chamber dilution and filter through volume. 
The ions with significantly higher fold production in the 1-h than the 4-h experiments, which 
implies consumption over the remaining 3 h, are m/z 131 (C5H7O4-) and 281 (C10H17O7S-). The 
other prominent ions produced during the 1-h heterogeneous OH oxidation experiments of freshly-
generated IEPOX-derived SOA are m/z 211 (C5H7O7S-), 229 (C5H9O8S-), 273 (C7H13O9S-) and 
281 (C10H17O7S-).  As was expected based on Schemes 2-4, 2-MTs, 2-MTSs, and the 2-MTS 
dimers all decreased during the heterogeneous OH oxidation experiments of freshly-generated 
IEPOX-derived SOA, and the consumption was more pronounced at 4-h of heterogeneous OH 
oxidation.  In fact, these 3 precursors were the most consumed during heterogeneous OH 
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oxidation of freshly-generated IEPOX-derived SOA.  
 
Figure 4. Comparison of geometric mean fold change (EIC peak area from post-oxidation 
filter/EIC peak area from pre-oxidation filter) for 21 selected [M–H]– ions from three 1-h 
heterogeneous OH oxidation experiments of freshly-generated IEPOX-derived SOA (red) and 
three 4-h heterogeneous OH oxidation experiments of freshly-generated IEPOX-derived SOA 
(blue). Color bars are overlaid rather than added to each other, and the striped region represents 
both red and blue bars. Asterisks denote ions described in the text. 
 
Given two separate time points showing consistency across multiple experiments, it can be 
assumed that the five ions (or SOA constituents) produced significantly during the 1-h oxidative 
aging experiments are among the first- and second-generation products from heterogeneous OH 
oxidation of freshly-generated IEPOX-derived SOA. The nine additional ions (or SOA 
constituents) produced during 4-h oxidative aging experiments may be later-generation SOA 
constituents or those formed from slower early-generation reactions. These could also be SOA 
constituents produced during acid-driven reactive uptake of IEPOX in the aqueous Sulfinorg phase, 
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partitioned to the surface of the particle, and then consumed during heterogeneous OH oxidation. 
Table 3 shows SOA constituents with significant fold changes during the 1-h oxidative aging 
experiments, and Table 4 shows SOA constituents with significant fold changes during the 4-h 
oxidative aging experiments. Not included in Tables 3 and 4 are the tracked ions m/z 279 
(C10H15O7S-), 283 (C10H19O7S-), and 319 (C9H19O10S-), which were not significantly present either 
before or after heterogeneous OH oxidation. This may indicate unfavorable branching ratios or 
reaction conditions, and bears further investigation. 
Table 3. Compounds with fold changes > 3 in the 1-h heterogeneous OH oxidation experiments 



















































2 0.7 2.98 +0.1 
2-MTS 
dimers; ? 
a DBE = double bond/ring equivalent 
b Only one structural isomer each for ring and chain structures is shown 
c RT = retention time 
d Oxidative generation is the number of reactions during which more oxygens have been added since the parent 
compound 
 
The four ions consumed during both 1-h and 4-h oxidative aging experiments are m/z 133 
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(C5H9O4-), 135 (2-MTs), 215 (2-MTSs), and 333 (C10H21O10S-); these compounds are precursors 
to the ions produced during heterogeneous OH oxidation of the SOA mixture. Tables 3 and 4 
show compounds produced significantly (fold change > 3) from these precursors, as detailed in 
Schemes 2-4. 
Table 4. Compounds with fold changes > 3 in the 4-h heterogeneous OH oxidation experiments 


















149.045 C5H9O5- 1 1 
 
1.99 +5.0 2-MTs; 3 














































231.018 C5H11O8S- 0 1.6 
 
7.65 -0.3 2-MTSs; 2 
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a DBE = double bond/ring equivalent 
b Only one structural isomer each for ring and chain structures is shown 
c RT = retention time 





 Ozone control. In the ozone control experiments, there is less production of all species 
produced during the heterogeneous OH oxidation experiments. It is assumed that all SOA 
constituents with a high fold change in the control experiments are produced by internal, possibly 
acid-catalyzed reactions rather than heterogeneous oxidation by ozone. As shown in Table 1, ozone 
consumption is negligible compared to OH consumption during heterogeneous OH oxidation 
experiments. 
Figure 5 shows geometric mean fold change for tracers in the control experiments, 
compared to 4-h heterogeneous OH oxidation of freshly-generated IEPOX-derived SOA. There 
are two compounds with a fold change > 3 in the control experiments, which includes m/z 195  
 
Figure 5. Comparison of geometric mean fold change (EIC peak area from post-oxidation 
filter/EIC peak area from pre-oxidation filter) for 21 selected [M–H]– ions from two 4-h control 
experiments in which freshly-generated IEPOX-derived SOA was aged with O3 (red) and three    
4-h heterogeneous OH oxidation experiments of freshly-generated IEPOX-derived SOA (blue). 
Color bars are overlaid rather than added to each other, and the striped region represents both red 
and blue bars.  Asterisks denote ions described in the text. 
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(C5H7O6S-) and 229 (C5H9O8S-); there may be other as-yet-uncharacterized reactions or reactions 
due to contamination causing this. Given that dilution is already corrected for, the large negative 
fold change of m/z 301(C8H13O10S-) may, like m/z 333 (C10H21O10S-), be attributed to its status as 
an early-generation self-reaction product that is consumed during the oxidative aging period, 
perhaps by compounds that would take part in competing reactions if more oxidant were available. 
IEPOX/2-MTS comparison. 4-h oxidative aging experiments were done with either 
freshly-generated IEPOX-derived SOA or particulate 2-MTSs in order to determine which, if any 
SOA products, were not formed from heterogeneous OH oxidation of 2-MTSs. For the 
experiments (experiments 9 and 10, Table 1) in which particulate 2-MTSs replaced the freshly-
generated IEPOX-derived SOA, there were some SOA constituents found in ambient aerosol and 
aged IEPOX-derived SOA that did not appear, including m/z 149 (C5H9O5-), 281 (C10H17O7S-), 
299 (C10H19O8S-) and 301 (C8H13O10S-), which may mean that these compounds do not come from 
heterogeneous OH oxidation of 2-MTSs. M/z 149 (C5H9O5-) is notably not sulfur-containing and 
is thought to come from the heterogeneous OH oxidation of 2-MTs (see Scheme 3).87  
Figure 6 shows the geometric mean fold change for SOA constituents generated from 
heterogeneous OH oxidation experiments of 2-MTSs compared again to the 4-h heterogeneous 
OH oxidation experiments of freshly-generated IEPOX-derived SOA oxidation. All compounds 
with fold changes > 3 were also significantly produced during the heterogeneous OH oxidation 
experiments of freshly-generated IEPOX-derived SOA. Both heterogeneous OH oxidation 
experiments of 2-MTSs showed a large negative fold change (<0.1) of m/z 299 (C10H19O8S-), 
which indicates that it is produced fairly quickly by an accretion reaction and then consumed either 
by heterogeneous OH oxidation or by later-generation aerosol-phase reactions. In contrast, though 
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pre-oxidation peak areas were equivalent with heterogeneous OH oxidation experiments of 
freshly-generated IEPOX-derived SOA and particulate 2-MTSs, additional m/z 299 was produced 
during the heterogeneous oxidative aging of IEPOX-derived SOA. 
 
Figure 6. Comparison of geometric mean fold change (EIC peak area from post-oxidation 
filter/EIC peak area from pre-oxidation filter) for 21 selected [M–H]– ions from two 4-h 
heterogeneous OH oxidation experiments of particulate 2-MTSs (red) and three 4-h heterogeneous 
OH oxidation experiments of freshly-generated IEPOX-derived SOA (blue). Color bars are 
overlaid rather than added to each other, and the striped region represents both red and blue bars.  
Asterisks denote ions described the text. 
 
Ions with geometric mean fold change > 3 times greater in the 2-MTS experiments 
compared to IEPOX-derived SOA experiments include m/z 131 (C5H7O4-), 169 (C3H5O6S-),          
195 (C5H7O6S-), 229 (C5H9O8S-), 231 (C5H11O8S-), and 301 (C8H13O10S-).  In all cases, the 2-MTS 
aerosols before aging contained smaller amounts of these compounds than did the SOA from 
IEPOX reactive uptake. The final peak areas for the 2-MTS samples were often, but not always, 
higher, perhaps attributable to the inclusion of fewer compounds that could further react with them, 
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acting as sinks. As a note, the total growth of m/z 301(C8H13O10S-) during the heterogeneous OH 
oxidation experiments of particulate 2-MTSs was much smaller than the total growth during the 
heterogeneous oxidative aging experiments of IEPOX-derived SOA. 
Tentative Structural Characterization through MS/MS Analyses. Structures for the 
tracked compounds are proposed based on MS/MS fragmentation, HILIC retention time, and 
possible reaction schemes consistent with known isoprene oxidation chemistry46,59. For many of 
the tracked compounds MS/MS analysis was a formality because structures had already been 
proposed based on the reaction schemes. However, m/z 279 (C10H15O7S-), 281 (C10H17O7S-), and 
283 (C10H19O7S-), 299 (C10H19O8S-) and 301 (C8H13O10S-) do not yet have proposed structures or 
reaction schemes due in part to insufficient MS/MS data. MS/MS for m/z 333 (C10H21O10S-) is 
included here because although structures were proposed for two isomers by Surratt et al.,83 the 
study used RPLC and as such did not achieve good chromatographic separation, which can 
interfere with single-peak MS/MS.  
Fragmentation was assumed to follow standard rules identifying functional groups (e.g.; 
carboxylic acids are known to lose CO2 and H2O), but internal rearrangements are difficult to 
predict so for simplicity it was assumed that fragmentation was the result of simple cleavage. This 
presents problems identifying cyclic compounds, although RT allows some insight. Using the 
HILIC method, less polar compounds elute earlier and more polar compounds later. This can help 
distinguish between cyclic and non-cyclic isomers with the same formula; for example, when m/z 
149 (C5H9O5-) is observed to have a retention time of 1.9 min, it must be assumed that this is not 
the highly polar straight-chain organic acid form but the methyl-tetrahydrofuran form. It can then 
be assumed that if the organic acid isomer has a place in the reaction pathway (Scheme 3), it is as 
an intermediate and not as an end product.59 
35 
 
Figure 7a shows the EIC for m/z 333 (C10H21O10S-, experiment #6), highlighting five major 
peaks. Four are thought to be diastereomers of the dimer resulting from attack of the 4-hydroxy 
group of 2-MTS on the tertiary carbon of trans-β-IEPOX, and one is thought to be a dimer resulting 
from attack of the 1-hydroxy group of 2-MTS on the tertiary carbon of trans-β-IEPOX. These two 
structures are shown in Figure 7b. Figure 7c shows a representative MS/MS fragmentation 
spectrum from the most abundant isomer (RT = 10.29 min). Fragmentation spectra for the other 
peaks are too similar to determine which might be the isomer resulting from 1-OH attack of 2-
MTS, or to differentiate the diastereomers of the 4-OH isomer. 
 
Figure 7a. Relative abundance of [M–H]- ion detected at m/z 333 in post-4-hr-oxidation chamber 
sample. The five highest peaks, at RTs of 10.29, 11.36, 13.82, 16.13, and 16.49 min, are marked 
with asterisks. 
 
Figure 7b. Structures proposed for the dominant isomers of m/z 333. Left: isomer resulting from 




Figure 7c. MS/MS fragmentation spectrum for the highest peak, at RT 10.29 min. The [M–H]– 







CHAPTER 4: ATMOSPHERIC RELEVANCE 
Compounds tracked in this study were selected predominantly by non-targeted MS analysis 
and ranked by atmospheric relevance. Selected SOA tracers for heterogeneous OH oxidation of 
IEPOX-derived SOA are those found in this study and elsewhere28,29,88 to have high abundance in 
atmospheric aerosol from the southeastern United States, the Amazon, and the Galápagos Islands, 
which are in the low-NO regimes and have Sulfinorg aerosol present. Table 6 shows the 15 most 
abundant IEPOX-derived SOA constituents (listed as their [M–H]– ions) in atmospheric PM2.5, 
averaged from the Look Rock TN, Birmingham AL, and Manaus BRA sites, as a fraction of total 
peak area. Note that these are not compound abundances, because the relative ionization 
efficiencies of all IEPOX-derived SOA constituents in atmospheric PM2.5 have yet to be fully 
quantified due to lack of availability of authentic standards; with the HILIC/(–)ESI-HR-QTOFMS 
method, OSs have relatively high ionization efficiency, so they may appear overrepresented here. 
Other recent studies18,28 have also found significant amounts of m/z 211 and 213 in ambient 
aerosol, which confirms the relevance of these two compounds, and Hettiyadura et al.28 found 
evidence of m/z 169, 195, 197, 279, and 281. Other SOA constituents discussed in this study have 
much lower abundances, though again, for those without a sulfate group (i.e., m/z 131 (C5H7O4-), 
133 (C5H9O4-), 149 (C5H9O5-), and 151 (C5H11O5-)) their true abundance may be higher due to 
weaker ionization efficiency with the HILIC/(–)ESI-HR-QTOFMS method.  It is worth noting that 
single-particle mass spectrometers, such as the NOAA Particle Analysis Laser Mass Spectrometer 
(PALMS) and Aerosol Time-of-Flight Mass Spectrometer (ATOFMS), can measure in real-time 
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2-MTSs (deprotonated ion at m/z 215) and the dimer of 2-MTSs (deprotonated ion at m/z 333) as 
well as the 2-MTs (deprotonated ion at m/z 135) 25,89.  In addition, these real-time single-particle 
MS instruments have measured ions at m/z 213, 211, 199, 169, 155, 153, and 139 that are attributed 
to OSs from isoprene oxidation25,31,89 and identified in the present study and in our recent study as 
heterogeneous OH oxidation products.  Thus, the fact that offline filter analyses by HILIC/ESI-
HR-QTOFMS compares so well with these real-time single-particle MS instruments suggests that 
these SOA constituents are real and not simply filter artifacts.   
Table 5. Relative abundance of IEPOX-derived SOA tracer [M–H]– ions, as EIC peak area/TIC 
(total ion chromatogram) peak area. 




























Future Work. This study identifies and characterizes some of the most atmospherically 
abundant IEPOX-derived SOA tracers. Those that are attributed to heterogeneous OH oxidation 
39 
 
represent a sink of fresh IEPOX-derived SOA, and their reaction kinetics are of interest for 
atmospheric chemistry modelling. With likely structures and formation mechanisms proposed for 
many of the most atmospherically-abundant IEPOX-derived SOA constituents, including some 
previously unidentified as being derived from IEPOX, it will become possible to synthesize 
authentic standards and confirm some of the compounds in chamber mixtures and atmospheric 
samples. This will also enable quantification, working toward mass closure and branching ratios. 
The 2-MTs and 2-MTSs make up a large fraction of IEPOX-derived SOA,25,26,29,51,90 and with the 
addition of m/z 211 and 213, among the most abundant IEPOX-derived OSs in the 
atmosphere,28,88,91 it should be possible to find better mass closure for IEPOX-derived SOA. The 
dimer isomers at m/z 333 were not previously identified as being potential precursors in the 
heterogeneous OH oxidation of freshly-generated IEPOX-derived SOA, and thus, it could be 
beneficial to synthesize authentic standards for these compounds as well. 
 To understand the kinetics of heterogeneous OH oxidation, it will be crucial to investigate 
further the core-shell morphology produced by IEPOX reactive uptake, including how it evolves 
over time—a time-dependent uptake and mixing coefficient—and under what conditions it forms 
(e.g. by atomizing aqueous 2-MTSs versus only by IEPOX reactive uptake). Which components 
of the mixture, or what average OSC, are critical to form this shell? It could be fruitful to explore 
real-time single-particle MS methods, such as those used by Hatch et al.89, or other methods that 
provide greater time resolution, such as coupling a particle-into-liquid sampler (PILS) with 
HILIC/ESI-HR-QTOFMS. 
Several studies92,93 have found that isoprene-derived SOA freshly generated without the 
presence of acidic sulfate is among the least efficient classes of biogenic SOA for ice nucleation, 
but another recent study found that particles with glassy phase states such as IEPOX-derived SOA 
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may enhance ice cloud formation94,95. Because average O:C (more oxidized molecules) increases 
during heterogeneous OH oxidation, and higher O:C  has been connected with higher 
hygroscopicity and more efficient ice nucleation,96 further investigations may be warranted into 
whether OH-aged isoprene-derived SOA has different ice nucleation characteristics. This could 
be paired with a more concentrated investigation into the ice nucleation or other characteristics of 
atmospheric SOA. The present study only considered three sampling sites, and could be extended 
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